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ABSTRACT 

The design of broad-Band lossless matching networks 
is fairly well xthdsrstöod, Dissipative networks can perform" functions 
which are not possible with lossless networks. The design of dissi- 
pative matching networks which^dissi|ja;te a Mnimum of power is 
;he±ther straightforward nö$ completely understood at .prasent. Various 
Ixpesof_networks are discussed and numerical designs are carried out 
for specific cases.       ~"~.   "      --—-^. ____ _____  .__... 
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• I.  The Application of Pissipatiye, Matching Networks j 

-           In desipiihg ndcroway-e ^equipment"j. it is of tea necessary to ! 
match the input impedahcö: of some component to a resistive generator op ^ 
tö the characteristic impedance of a lossless line» -Wien this match is | 
required over a narrow b^d, a. pair of reactive elemen^s^ (stubs, ttüiing, -I 

r screws, etc„) or a gtegie element placed at a partlc^ar poiht öh the 1 
| Ifhey ban be used to .give a perfect match at the mid^frequency,* The ml-s- J 
I match at jthe edges öf the band may be small eitough (because öf thö narrow» I 
| hess oi the band): so-that a *single^f regency* match is adequate. Whet? \ 
I the load which is to be satched has ari impedance which varies slowly as a j 
| faction or freqUen^ | 
} enerjgy are. used in order to obtain the greatest -bandwidth. When the load f 
I has some particular change with frequency, it is .possible to pick tuning j 
I elejaehts whose reactance change with frequency compensates- for the load. f 
I impedance change arid thus gives a satisfactory match over a band.    V* j 

I ... The simple procedure ^tlihed above. is.adequate for many   - - , 
J situations encöstatöred in tie design of radars, commanication facilities, 
J  _ and some harrow:, baiii test equipaent». When antennas are connected to 
;j { transmitters by long ibransmissioh lines, it is often neceäsary to Match 
{ more ;c|oreftiäL|y to avoid ffequency "paliingo In-this casejj more effort is 
I expehdecTin the choice of linö lengths,, tx-änstprmers; and stubs in order to 
j give äs nearly perfect match as possible in the transmitter band«, 

-« The abovei remarks apply tö problems ^ere ^iÄple lossless elements 
| are adequate to give the required match»    As the maximum* permitted VSWS 
I   - _ becomes smaller,,L or the required bandwidth becomes greater, the darsign 
.1 7-~"~ beeoaes more difficult* Svehtuai3y:, a point is reachedwhen it • is: im*. 
I Pf/ssibleto obtain required performance <> When lossless matching networks: 
I -  are used, it is not possible,, with physical elements, to match perfectly 
I " " ' -_  over any finite bandijidths The ouestion of what amount Pf mismatch must 
f . / äe tolerated for a particular load impedance and specified, frequency band 
f rr/-

1fejas Been treated by R. M* Fähpv(l) 

i '~~: 
;.        When the required performance is greater than the possible 

£ - _ .  J^JLimiiJtoriossiess,matching network^ 
| _ patiye elements in the matching network. One simplo method of doing this 
| is known» as "padding*. A dissipstive attenuator can;be placed in frölit 
I of the load ä;x(i if the attenuation is great enough, the input impedance 
£ ;     of the attenuator can be matched to the generator or transmission line« 
? f\ /:-- This is a eomssoh procedure because (II) there may be ^ore than sufficient 
f r     power available and ('2} broadband' majbched attsnuatQi's are usually avails 
t -. ..  - able. Kli% process ia not :good wh^                          . . 

3 
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because it is- wasteful of power« It simply .consists- of putting in 
enough insertion loss so. that the Xfötcjt cannot be "seen" from the' input 
terminals of the matching, or scMcalied buffer attenuator. It is therefore; 
desirable to* investigate matching networks which include dissipative. 
elements which are insetrted in such a way that power waste is minimized. 

II _., Properties of Matching! l^-poles 

A,  Specification of the Matching Problem 

A load is given, which has ah impedance Z(p) where p »(J^+j« 
is the complex frequency variable. Power is supplied by a generator ~ 
whose internal resistance isRo* A lossy foxir^termin^L network (It-pole) 
is connected between generator and load as in Fig. MEE-rll968*a, The 
matching network is to be composed of linear, passive elements and should 
do the following s^ ^       " 

Xa) The input impedance-of the loag. and matching network, i *,©.., 
the impedance presented to the generator, should b> constant and equal 
to, R for all values of ,p. 

p - 

(b)' In a specified range of sinusoidal frequencies: '(-SFV Ö5. 
^ "5 ® S ^c)>  ^e ßowe^ in "the load should be constant to within a certain 
tolerance and this constant should be as large as possible. 

The above requirements are more: .restriptive than would be desire 
able in many practical problems, but they provide sufficient latitude 
for the present :study« Note that although low~pass, performance is: usually 
hot desirable in microwave work, many loads encountered in practice have 
geometric symmetry about some center frequehcy* These loads: have low- 
pass öquivglents:: knowledge obtained for the low-pass problem can b« 
applied to them. Results^ of the present investigation can also be extend- 
ed by means of high-pass transformations. 

In what follows, all impedances are normalized to R so that -the= 
generator has d one ohm internal impedance, and the load is.*/ 

a. •    The open circuit voltage of the generator is arbitrarily fixed at 
*o 

2 volts so that the available power from the generator is 1 watts 

The power that is dissipated in the load is of physical 
significance only •vrhen^« 0,  since "the jco axis. Of the p^planö corres- 
ponds tö sinusoidal frequencies Csteady-state a0c..;).. This, power ia : 
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written a^ a function of <a and is written ?(»)• P(ffl) is the actual, power 
in watts for the normalized system. P(«) is identically the* ratio of 
power dissipated in the load to the available power of the generatorv 
Note that the power entering, the input terräüial Qf~the Umpole is the 
available power of the generator |because it is perfectly matched). There= 
for, P£es). can also be interpreted as the ratio of power leaving the out- 
put terminals of the matching network to the power entering the input 
tärmiiiaL ofthe matching ii-pole, ._"..- _ 

B ä _ Network; Equati o'ns; of Mat chihg FouivPole s^ 

1.3 
The li^pole is characterized- by three- parameters, z-, 

*12^P) which are the open circuit input, output, and transfer 
respectively., When the U=pole is terminated in z, its input impedance is? 

S,2 

ces,, 

"in 
zn^ 

s12 
z22 + z 

»j,n * 1 i& satisfy -requirement (a), of Part it A so that the three para- 
meters are related' by the f ol2.owing equations? 

"11 
1 + £2. 

Z22 f Z 
(2a) 

Z12 m (zll" ^  (%>*^ 

£ 

if z(p*jar) * r(oo)+j16 (ö>) s the expression for PC«) iss 

2 

P(») 
°l2 

J22" 
r(.a>) Til. 

'22 • z 
r (o)      C3§ 

Ihusj. there are- two general relations;!, one. of them (Equations 
2&)-His -algebraic$ :but the other onstSqua^iöB 3) involves magnitudes of 

sums of impedances and the real part of z(-j«)a One of the U-polia para~ 
meters can be. arbitrarily picked because there are only tv° relations. 
It is important to note that this arbitrary parameter is ä function of the 
complex variable p* 

One additional considerätich makes; the problem sxtremely diffi-? 
cult> The Jj.-polemust, be- physic4l|y• realizä|i|-as ä linear, passive 
network. Whether it is; composed of lumped inductance*, capacitance, arid 

••* 
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resistance^ or distributed, elements is a question that need not be; cön~ 
sidered here* In some p-f the examples that will be discussed, the matching, 
retwork will be cppppsed of lumped; elements* while in others, various 
impedances will be given as empirically determined functions/ of ©, and 
therefore might be synthesized by either lumped or distributed elements» 

One ideal transformer will be allpwed in -the= matching networkj_ 
either at the output or ijxpui end. This avpids complicÄtiög|ih the 
treatment of the problem and is Justified in practice because, 

•(a)- - - There is often considerable choice of impedance level at 
the terminals pf a microwave load, (where ig tap into a cavity for instance| * 
This freedom of choice corresponds tp" the availability of an ideal trans^ 
former* 

)9heh sufficient physical space is available, an ideal 
transformer at the input of the matching network can be simulated by a 
long tapered transmission line* Note that if long lines are employed they 
laust be put at the input of the matching network, for the input impedance 
of a long line terminated in a mismatched load is a complicated function 
of frequency and is difficult to matchr =~ 

G.  Reaüzäbility of Matching Networks without Regard to Insertion 
Loss 

Given jähy realizable iPadr function: z(p^, -it is always possible 
to provide a 4-pole which will, when terminated in z(p) have uiiit input 
impedanceö To show this> a simple, method of matching will be described 
which makes use of the following theorem: 

If 2L(,p) is a physically realizable minimum reactance impedance 
(i.e, ,Z-(p) has no pole A~ '+**• *,A a^-= •«-•** +w« "^«»^ =».+• < = «AOO^WI-,». +« 
find a- Z_(p) such that 

Zv(p) has ho pole oh the jco axis -pf the p»piane), it is possible to 

h * Z0(p) - R 

if iZjJ.3»/-* it,0f + JL^äf,  then 

R;> maximum value of R..(ü>) 

The proof of this theorem is given by Bode m 
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applying this to ä given minimum reactance load s(p)j it is 
clear that if the real part of z(p)' along ,^0 obeys: 

maximum r(co) ^1 --> — ,' ^, 

then ä two^terminal impedance connected in series "with the load can "be 
designed to give a perfect match to a 1 ohm; geneläa%p.r. _^ 

If Max r(co) >!* a transformer can precede or follow the series 
matching impedance to adjust the impedance level to the -unit value 

if z^p) is not minimum reactance3  a new ?Kp) faction can be 
formed by placing a resistor of any value in parallel with ss(p). This new 
z'(p:) functipii will then Be minimum reactance and an impedance., Z:j_(p) can ' 
be .put in series with z'Cp) to give a perfect match to some constant re- J 
si stance. This constant resistance can be transformed to unity• äs^before 
by means of an ideal transformer«-- - _,— -_-. 

SI. ;§pme Matching, {Structures 

.&.  Matching T^pcedüres for the"load a » 1 + pL 

As shown in Section II G> it is always possible to match any- 
load,, Z(p)/ to ä 1 ohm generatpr by moans pf a realizable dissipätive 
4~poie. The problem to; be cphsidered hpre is to find the netwprk which ^ 
gives the greatest transfer pf power tp the lead in a prescribedi frequency 
jbandv Injthe beginning cf this inyestigaticn, an attempt was made to 
discover some exp3atci-fc expression of the ccnsträints, suyft äs integral^ 
formulas,;,, which would shpw the liiaitatipns imposed ön P(ay) by the. i/peci. - 
ficaticn cf %he bandwidth and- the lead ,Z(p). It seemed that ä treatment 
pf lösssr structures similar tc that given by Fano(i) for lossless struc"•• 
tures would give similar results*, i.e., the integral of some funfctiön of 
PC«) on some frequency, scale would be related to properties pf the load». 
No such rflltipn.? were» found> however! either ~_ si^ificant integrals 
_did npji„apnysrge,« .&XL convergentintagrajLs-war« -not s^ig^f4;can.t:;5 -This-was 
ä-manifestation of a fundamental property possessed by a lossless li-ppie 
but net possessed by a lossy U-.pple. If a number -of lossless ^-poles 
are connected in tandem and the reflection coefficient? C<a) at any pair 
of terminals is defined according to Bede-O) ^sx 

tp left <- conjugate pf imp^dancer 
.' ~--"~-:"-l. ".- I'gpking -tpjright . ;__'_.       . - 
^pedähc;elooking' tp l§f t: + impedähce lopMaig tp:^" 

:-ft'^J^ S^KrJl- AV
-" CK IW• 
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thenj*?j; 1*5 the same* at any pair-of terminals froia the input of the 
lossless chain to the output- of the lossless chain»    fee load may "bo 

.- represented by Darlington? s procedure^1 as a lossless Li.--pple terminated: 
in ä I'ohm resistor,    the U^pple and t-h^. lossless matching network form-a 

- chaihof flossies s networks as shö^ i;r Fig. ^1^12339°*.    For some 
values pf p there is no transmission tl rough the .k-pole (N') vthich charac- 

' teri^e's the. load,    the fiunctipn log /v can be expanded in ä Taylor series. 
abbu>~$ne of these values of p*    At tfcoseialufs of p which are iri the 
right-aä^u->4älf-plane or on the jo> axis?. % certain number of coefficients 
in.the Taylor expansionaxß determined entirely by> the 'given load« 
Integ^fl-formulae are then obtained relating log  \o\ J to the known Taylor 

cpefficienTssin.-the expansionP2*    But since  \PJ\ * vrts ^e same rela- 

tiön applies to ;|p[/J which is the= input reflection coefficient.   j|pl||. is. 
_v "^f'direct significant .sl^ the'VSfe^fr-h3 matched^loado 

•'^'X^ Äa" . *; P^e^^ieö^^ö. stii^y of the general load. canr. )t.-proceeä^^ch 
^ "'%ur^ßör j ho^sve* "^ because there has'hot--Seen sufficient study -ofr%fei' -'~ 

properties of a. öy^lprtiye U-pole.    For this, reason,, the scope c#/£Ha 
.__-_ investigajipn has been liatited *or the, p.*es:>pt by the i'olipsring ^cfj 

restrictioh§f --—--   -. ^;-; -—~__ ^,' _ ^ 4   -        ~ 
:-J 

&T * Particular load funo^ is ,stüdCad> > 1-*?. 

rraÄÄ-of matohi^:structura, are stud^; 
ies which simplify ai^ysis:, - ,. ; - .^ 

--        - - Vhe results obt:ä%^d_ These have 
" • "   ' By means: of frequency transf~^|^;^/j££T.IPX®"^?h 

-•--.- -< *; V- i,-.w^t)«ss; performance v2-th a- seriesair, ^ can be ex^engea tu u^^^ss F«*  _ A,;- 
•    .   :. __^.~i*. 8 with ä series E-C -lioaa» r--^ 

;X" ......   .,-^.i. „v.,. ,n?*.«« encountered 

in 

-'-' -   -               -      --«,--•*«,+-toned a^öve, ar^ofSen encountered 
^he^^OanQ^gfss-GaBeS; W^ec^a^           andjMsl«*. ~_1 
'  micröwä 3 loads sucn as *«^»~4v --- =    •     v . 

B.. «y^mj^^ 

O 

tt 
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because the parasitic Inductance L0 of the load is not fixed'« Cnanging 
the value ofj L0 is equivalent tp changing the frequency .scale$ or, 

equivalehtlyj the. bandwidth of interest« 

These matching structures are in th° +'orms of Fig* ;MM~L1968~b 
and Fig. lÖÖ"-!!?^?* The lossless networks 3höwn in these figures are 
used to mödif^ ihe normalized resistance r^ and formalized conductance gn 
to approximate unity over the band o < co < 1« "Minimum reactance input1'' 
and i»niidmüa susceptance input« refer^to ^he input impedance of the loss- 

less Jietwprk when terpdnatad in the load 1 + pip» 

Note that when the input of the lossless network is of minimum 
reactance type an impedance is placed in series,! when the input is ^himum 
suscsptancsj an admittance is placed in shunt. As long -as the resistance 
r^ or the conductance g-^ is less than 1, the lossy Supples are physically 

realizable. 

The nprmalizld Current into" trie- lossless -network -of Fig., MRI- 
li968^b is constant and unity* The normalized voltage across the input 
of the lossless network of Fig* MRI-11968~c is constant and unity. There- 

fore* ~~~' ----.*—._—„   ---"---.._ 

PCco) 

T*(OS)      in Pg« MCEr2ÜL968ab| 

in Eig*.'MRP^ 

(8) 

Low pass ladder- structures, of Fig. flRI*-l'20il«-ä and Fig. MRI^ 
l23Ul-b are used i& this case as the ^Lossless networks which shape r-^t») 

and g^öj) intoButtäreorth, and Tschebycheff approximations of unity. The 
Ideal transformers at the ladder inputs are used to adjust t§e .impedance 
levels so that r^ (or g\ when applicable) is never .greater than 1» P(co) 

is restricted to the following rängei 

1 + 6 

for 0 <> &-^ <*> c. 

The ideal transformer ratio: 8 is.picked » *at «S^ 
i* 
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for the load z « 1 -* pi» i we knew that 

M   P.(cp)-«-9 
0#) 

because an open circtxit c annpt absorb power from a generator whose impfe 
dance arid open circuit voltage are finite» 

The Butterwprth function which satisfied Eq.*, and Eq.  C5&) i» 

P(ce>) 
1  f   6      CO " 

In what follows, it is necessary to introduce a qüäiitity 
P<  (p) which is a function of the cärap^lex variable p «<r+ ^co.    When 
<f- o? ?'  (p + 3») is "real and if equal to P(Cö) which is the power in 

-the-l6:ad«.^.ThüSL_EL (p.) isthe^ änsQi^i^cointihüatlpn pf "öle function P(oo) 
whieh is defined in Eq. Cli) only for real values of co. 

1 

i 1 

.-P.'- 
i*i' :2h: ;.2-Yä. 

•3/ 

Where J is a. real constafit*        - 

The Tschebycheff approximation satisfying Eq. (9) and Eq. 

PC»} js 
1+ 6? f^ 1>) 

.) I3i 

(W 

i+ e
2T| .(-§*) ." ? ^ 0N\, ):-^ CptPy) 

&" r 

fne factored forms of Eq. (i|}; andEq*. (12j; may be interpreted 
with/the- aidLof Figi IM^^^änd .?i£..'^^Ä.! ^%h jshoW the location pf' 
pciei f£$);*    ?he; 2 n roots are "isyitan^tricaily dispipsed; about both Sxes:s so that 

•n> r%#Hp;^);. 
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cöätäih3: ail the roots in the L. ;H. p-plahe and 

contains ail the root* in the ;R.H. p~piane.    Note that r»o roots occur on 
<F> p. 

real coefficients;. 
If au.-jjäyjfejyi>9.-'SJPe even" polynomials iii p with 

^2 
a1 + pbj 

*22 **" 
12 + p fcg 

2        2 - 2 
i * IT lDl 
2 

a   * ,p   b 

Eq. 

ä p w * ?C«) 

may be checked by noting that. fpr<r« ö 
2 

'1 
2       2 ,2 t.  + a   b^ 7 su, + */s> b. 

. ;r-: 2 w2 ! *5. t 3*n> - 

which agrees with, Eq«v (3) because r (<$: =-13-- 

'12 

*22*? 

2 

2 

W) 

Ifhe relation -between töierancie    and paräsitiö load inductance 
L0;may be fbjnid :t»y writing Eq* (id) äs the product of a factor containing 
poles in L,lL pHfclane and ä factor containing pölsä in RiH. p-plähe..   The 
two highest power terms in the Lau p^plans egression are related to; L0«, 
To show thisi,. L0 ;has been combined (Figs* Mffi.^t23lULs>e and KRi^Bkl-d) 
with the lossless ladders1 to gi#e läddebsjhaving the parameters z^^ 
^12» *oo*    These are fed by unit generatprvs and terjiinated in 12'        00*       lu»-!>»-  »*'M   io"-    wj    "*«- 
the unit resistor of the load. 

2k 

'22"" Fb" 

_   ?k- 2 
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z4> 12 ^m 

The a0 of and (19) are identical. ;For the networks of 
.** and Fig. :HEI^i23k^d> 

•:   (19) 

, MR1> 

z 
12 

»aaT1 a + .pb 

•J p.(p) .   •^.-••-^ 
a   - p b (a + pb) (a - 

{t can be shown that because a/pb is a physically realizable 
reactance function, (a-* pb) has roots only in the tiff, p-rjpläne arid" 
(a - pb.) has. roots only in the.R.H, p-plahe,.    Therefore a + pb can be, 
compared withsJL. (ip - pu) 

•»   *. 

n 

-* V * ^x^2k-2 P 

2k        2k-i   h 
2k - %) - 42k (p ~. - p 

,. •> •*• p^j 

Pu'1'   ••*-) 

I- 

'2k*2 

*2k 
IV 

But from the ss.— 

a 
_T <s _   
"o       --R 

2K -1 

2k-2 n 

The rpötq are ;ä function öf e and ri; therefore L0 can. be 
found from e.and;'.n..   Because the roots are syTT3netricaJ.i.y disposed about 
the; (f äää.sÄ. only the sum of the real p|i?ts nee;d be- taken.    This, haä been 

^RßfÄliti^: 
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indicated by the heavy lines in Figs. MKE- 
the real parts are all negative, 

äM MEE-1197I. Since 

n 
R, 

Using the relation 
1 
4 

sin (2k-l) -JL 
2n sin 

(26| 

The relation between e and L   for the Bütterwörth case (fig. MRI-12j[Ui) is= 

i 

sin (,2fc 

/ !in\ sin   ^:      ^r; 

itn 

LA •-•!•   sin   -==r o 2n 

and for 

1   LA - 
r_-0.- 

11 (29) 

Epr the Tgchebycheff case (Fig.KEI-ll07^ 

-----        •" ,~...t. 
;o -•        n 

sinh^a 

1 

sin 
Tt 

sin 42k-3b> ^ 

wnere -1 n a 

siiih a 

, £SO^ 

O 
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For n >> 1 and L, nph^zero^ sinh a "« äj, 

sia —^ * T5~^-> and L •«- 2n an;* p      2na 

so that 

'TM& means that the P(ö>) curve- looks like a series of harrow spikes. 
This is not a desirable type of response,    A. more useful type of tequ&l~ 
ripple response would.sacrifice, some gain at the peaks in röturn for 
greater flatness«,    this is not possible, with the low^pass lossless, ladders 
.shown." 

"1= ~ sm *Ä~ (; 
o s 

•The results- for the. Tsche;bycheff arid Butterworth networks are 1 
quite differentt for- the Butterworth^ P(co) can approach a rectangular j 
shape, äs ,n gets large,, but Lg must approach zeröj or equivaleritly, the \ 
actual, bandwidth in cycles approaches' zero for fixed "üi0-.. This is illus«- j 
trated in Fig. MRI^li972-a where- t0 is decreased as n is increased in I 
order to maintain, bandwidth'. As the curve approaches a rectangular form,  -     I 
the specification of tolerance., e? becomes- of decreasing importance I 
because the curve becomes very steep at co « 1 and the actual ordihate at        \- 
a> » 1 may vary from Ö to 1 with a.negligible .change in cut-off frequency.        i 
For this reason e drops out of the approximate relation Eq_. (29). Fig.- 
HRi-11972=>a also illustrates the fact that over a restricted ränge of i 
and 6,9 using a larger value of h may allow an increase in L0 for fixed ,6 or 
a decrease in 5-for fixed. L0. Notice that for the value of s ussd? ä larger    -! 
value of Lö, was permitted for- a * 2 than for ri- « 1... n » 3 permitted a \ 
much lower value of L0, however. The curves of Fig. KBI-1197Z~b  show that 
it is possible to improve Performance by increasing n only for small values- : 
of ;£ and:.-!,••. -. -     ~ "        -'    ,.-_.------_--    : - 

Iii the f schebycheff design, L0 heed not approach zero äs n 
increases:. However,, nature is not making much of a concession here 
because e vezgr quickly approaches a limit &t n increases. Making n I 
grfäter than 3 sharpens \he  cutoff arid increases,, the number of ripples j 
in the. pass band, but th£ ripple amplitude does not decrease ;signifi.= ' 
cantly. This issketched in Fig. |@I-1197'2=c. "   '   , 

For large L0 (L0>-3
:) the approximatö relation -E,q*. (31) becomes! \ 

 „_ 1 2: 

mamm 
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If n - lj "the losfless networks of Fig* JÖü-il^gUb and MRI-- 
»c reduce to mere straight-through (connections* Then the> input of the 

lossless network is minimum, susceptancö arid Figo MRI^11!?68-G is used* The 
lossy 2^pole consists of the resistor and cspacitor in series of fig,. MHX- 
123:3?-pb where the capacitor haäth^iäme-numerical value (in farads) as 
the inductor (in henries). 

Nöte that the approximating functions used here- make Pica} * 1 
at one ör more values of as*    It would be desirable to have a P(eo) which 
is more uniform in "the päss=bän;d. That is, increase the miniina. at the 
expense of the maxima, or, better still, use a larger value of LQ with 
less ripple than that allowed in the" above Tschebycheff expansion for 
instance. In short* reduce the maxima of P(eo) in exchange for the irn^ 
prpvemerit of some other characteristic of T?{®) y äs lilus/trated by the 
change f*om fig B :MRI-l23;39-c tö, Fig. MKE-l:2339^d

;* 

In summary,, by assuming a simple form of the matching network, 
anrl simple, apprö3d.mating functions for P(co) it has been possible, to relate 
P (co)  curvets toathe parasitic load inductance L0, Choice of the 
approximating function completely fixes the parameters of the lossless 
ladder. This determines the normalized impedance Z|_ (or admittance jj)  at 
the ladder» input, The 2-p:cl3 is ä lossy network having impedance 1 « z^ 
(or admittance l^y^); and may bö shythefeizedby standard procedure. ThW 
2^pole> incidehtly, is the other filter: in- th#= "complementary filter" 

r scheme." '.'"-' 

from 35q, |8:) it can be seen that reducing the mäximuni of P(a>): 
merely means reducing the maximum of r^.©) or g^^i). But there is no 

icarice to reducing all these maxima because the ideaiT trahsfformer si- 
at the input of the ladder can always, be adjusted to make the maximum 
^iC») °r ßrßx)  » 1. Thus, P(ö>) should be equal to 1 for at least one value 
of'co, no matter ^hat shape P(co) may have, as< illustrated by Fig. MRI-12339^e:« 
This indicates that the complementary filter type of matching structure- 
does not allow eosjp'lete freedom, in exchanging, one chsteacteristic öf E(oo) 
for an increase in another characteristic which may ^e raore desirable. 
Therefore, it. may be profitable to devise a matching structure in whjch .«Tt.. 
maxima of P.(a>j can be. made" less than unity in order to obtain increased' 
bandwidth or greater allowaJSle %   for iiie same ripple«, 

G«  An. ,L-.sectigh,;Matching.; Network;, 

j* _ IgPigrl Qb-jepjbive -   . / ..."".:    _      _ ."        _~~~'~ ] " 

U  > 

In this- isectiqnj the- simple feseetion and ideal tr'ahsiprme.r 
:o£ Mg.i  MRI * 12-300i.a will he used» to ;match %h& load. 1 * pE . 
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Sage iij. 

At the ouV-set'j L is set e qüal tö \9,  and co^ is -considered, as an index of 
performswei to be determih'id.. This corresponds tö formalizing the complex 
frequency "variable p *tf"+ jai to the value.J=_, „ This normalization is better 

" ' v      - -   - - • LO   - 
adapted t&iihe procedure •which will follow. As in )„>art B, no loss of 
generality Results. _,,'•" 

; The oVjept of %i-Q  design is to obtain (In 'addition to matching 
the generator pegiTsctly at all frequencies') a curve öf normalized; power 
in the load P(i») "ahich is flat for all at from zero'^o some cutoff 
frequency «c, fh j value of «c should be as large -&r: possible consistent 
with the value of ^P0 chosen for P(..co); in the rahge qiVixiteres't*' P(ü>) f or 
ei>»c is of ho interests in this problem»     _ 

The problem,,- as -stated,,, resolves itself "htoJihe determination 
of the value« of » corresponds to each choice of ?ö^ that is5. Pc is 
chosen as. a parameter and then physically re&lizabjl*' 2=termii}il impedances 
z^ and zgjj&re found which make -P^eo) * Pp. up to- the largest possible value 

^amihätibn. öf thi^RyM.S. voltages mark^i in Fig.. ?^-1230(Wa 
-will shc% tfc&t 

'< 'S" :t 

"  V J   , - V.S .* _- 

.^rder Jtp obtain v. perfect match 

X' s<y. 1 * p * ZnC^ 

§n4^4erf^r-"y-(>)_ to-$>e physiciily realizable 

'4x 
1        1 1 •rrTr» > ihftx real part of ^-••.•.-:-i.'V 

n?   - ;>.       -    • •   1 • dto * »a TPF trv 
?7 

f,': 

.'^. 

_  _|f Jhe_ imaginary ;p:af'V_of 1 t jto + ZYCJOö) is plotted against 
the reväl part^.Sfalpar anemic "^f 
to make P(^1   •-.,%*  "^e 1°?^ öf^S-f^o» * 2-1 (Ja) should follow a circu- 
lar arc cenx,t3J5gd about the origin of the zVpiaiie. for 04 co 4;a»?    This is 
curve! 1 of F\£4^K^i2i3lu    A"£#?" .0.,-. any impedance; is 'real^änd therefore 
the arc. ,crösk.$svthe real .axis i»1? 00 « o.    The circle 1 i;s> drawn in both 

-     ""./v*s-V'             --- 

»V-S-*;''-:-     '    •- 
-" --- -r?" -\T-;" 

-      '""ii   IS.*.'.. -*  -   • ,  ' i-» 
- >—'   -3*     > ..a^      VC-. **- ~ **c ~~ 

-._  » •  »   "«-l-v0 >«: - - ._ J^ ^ 
" : -L :-JrS&*.-= - ü -" 

- - \ve vj»- - 7e
v 

""----i ^%i;?'- ^~"- 

.- -•;   -***. -fe.fcf.— ---- - - „"" T"1 --•" 

-\ 
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directions from thö <ä » o point because there is, so far, no knowledge 
of l^&tfregency scales are possible along the locus» The desired cir- 
cular arc 1Ä the E-planei of Fig. MEE»l'21$ü T*ß>Vß- into the circular arc"! 
of the y-planf • it is seep that the maxinium conductance,, of this lojcüs 
öccuru at the point corresponding tc co *o. This d.c« conductance sets 
the maximum value of ideal transformer ratio h« .provided the uncontrolled 
(co>o»?)u part of the l/t * $arir z| yä^löcns dees not cut into the shaded 
region of the y-plane. 

This forbidden region of the y^plane maps: into the shaded circu- 
lar area of the z-plane. The locus of 1 * ijco + z, (ja) should; not pass 
into this forbidden circle«-~ In addition, the real part of z-j, (3a>), 
r^Coo). should not be; negatiye» Therefore:, the locus 1 • j» * %(J«P) should 
pot enter the shaded region to the left of the^ line r = 1* 

The choice of % corresponds to picking ä*Ö-uQ:. of rQi, the 
radius of the desired arc in-the z^plane« This makes 

n- •»• r (36a) 

.-a. 
po" 

=    (36b) 
ro 

2»        Qraphical C^culatlpn ;of„,z-}. 

The value of ^"corresponding to ä particular r0 is deter- 
mined by finding an impedance z.^(:p), .•which make.» the locus of 1 *\jä * 
*l0)^) follow the circular arc of.radius r0i.   This ca^ be done by "trial 
and error 'jjijihthe aid of charts "in "Network Analysis and Feedback 
Amplifier Design« j, Ö, If. Bode> Van Nostrandj JL9U$? Chapter• %B arid with 
the aid of tablesin "Phase of a Semi-irXinite„ Uäit Attenuation' Sloped, 
D; E. Thomas^ Bell Telephone System Monograph B~l|?ll.   The trial ajid 
error procedure is as follow» 

-Arbitraril^t>ick_a^curye^r^i.m'y^ ^ -- ^  —:. 
—  -•-      -    — --- X-'-"- 

Assuming that Zj^piri-s-& Mnimum reactance, 
function, use the" numerical charts and tables 
to compute at. ('a).. 

Plot the locus 1 + r_ (as) • Jco + jpt,;|co) • 

Make, corrections in,~^ 
the .läcujj> f o~^^ 
circular !ärc;i -  - • -: : - ; 

'I  i 
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The above procedure .amounts to little more than picking, 
^TLC»)- curves «out of the hat«. Two; steps are necessary in order jto 
obtain ani answer by this proceduf er 

(1)  The exact locus of 1 .+ j<a * z.^ (ja>) must 
be. specified» Until notr, thVon3$jF speci- 
fication-, has T?een that it should follow the 
circular arc of radius r0 for as large a 

v 

frequency räflgf as possible and .should not go 
through certain forbidden regions, 

(?)  A type of elöÄentary resistance function should 
be chosen which will permit a reasonably system- 
atic, convergent- building^tip of the desired. 
?^«)f^ariCti"Oiifromthe, elemehtary resistance 
functions. 

~-~  3«•  Spe c-i-fication- of „ Iicpedänce^Locus 

--(,; of * 
"-  thf 

bröüs prooft 
following conclusions are supported by various amounts 

(a)  2^(p) should be f miniem reactance fühctipriä 4 
pole at p• « oo would be eqüivälehtto Ridding 
parasitic inductance to the given load* this is 
clearly ündesir^re:. A pole in the range 
b ^ oo^.a>c is not, avowedbecause- P(<ö) ipuäthave 
a zero whenever X +- P-+ %(p) has a pole on the 
P:« joo axis» Thf only otfcet possible yay for Vy< 
to be nön-Mnimu^^reactance is for it to: have a 
pole on the finale JCJ axis at a frequency greater 
than oopg But the; effect of such ä pole oh the 
properties of ä]T(|<») in the passbähi would he 
similar to the effect of a pole at infinity. The 
indication is, therefore^ that *i(p) should be 
mirdmum reactance» 

*]?(ö>) * °V ?9V  <»>«c« Äreft uhdes? the r«sistänce 
curre at frequencies, above the pass band adds, 
in the pass band, positive reactance which varies 
.linearly .at, low frequencies- and incre&ses.- slope 
as= the cutoff frequency is- apprloached. Within 
the pass: ^band^, tiheVshajpe -of -this raactailce'curve: 



-i- 
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.cänhöt be closely control-led because ih,e r§sis= 
tance -areawhich, .produces, the reäc.t£mc;e;_|.s- out~ 
;side of the; päs.s.Aäänd*    Thus, iresistänce, area 
above the pass, band ia equivalent tö;%klitiQnai. 

'paräsitj-c iinguctange in the ioadj, and.,i-s; undesir-. 
able,,   Therefore the 1 + jco+ Zn;(jco) locus should 
meet the r « ;1 line when <a « <ac and -Mist lie on 
this line for all ©j> a> .. 

(c)    Experience with a large; number of loci seems %o 
•i'Sdicate that afteg-1 + j<a + jöo + '%{;}ö0 meets the" 
r * 1 ldiie at &: =* »c,. the tracing point cannot. Siove 
down the= r = 1 line; and then reverse its direction 
and move back oipt    it apparently always moves in 
ari upward direction, approachihg; the impedance 
1 + jo»; at large <».<>    Th^ T, incidentally, insures;" that 
the Ipcus will not cut into the shaded circle- of 

-- Fig«. Ä-i2i3iu-      . ,,..... 

! - ' 

(;> 
ÄsaJLsault öf-these.cöhsideratiöns. it may-he concluded that the 

ideal impedance; lo?us is of the form shown in Fig> JffiI-1^3U0<=a, 
_l^s 

•ib Sample Gälculätion 

The elementary resistance function which was- found: to be 
moat useful in building up the r^ej).  curve is sho^n in Fig* MRI-123iö=b. 
Charts, of reactance: corresponding to th£s "finite line sepient" resistanfee 
öurve are given in Bode, Chapter ;15L - - - 

Several r (») curves and their corresponding 1 + jto + 
%(i<a) loci are shown in Fig. MKt-12136 arid Fig. MRI*12I37i üTnese are 
•some- of the cufves.r obtained in the successive. appröSmatlön solution for 
tQ T '2.    Note» that in-the frörst two'curves, the rvalue, picked for a>e is 
töö low and the calculation; curve ;goes inside- of-the desired contour* 
In the last two, the value of »c is about right and the calculated 
curve i.s_almost equally distributed ab^ut_the_d^esire4.arc« Thus,^  
»c * 2*6 for r0 * 2i It might be suspected that if the iy(cö) curve were 
refined to obtain a closer approximation to the. circular locus, the 
frequency scale might be changed considerably arid, therefore,; 2.6 is 
hot very close to the correct value of coc. That this is riot irue> can 
be shown by the foü^öwing integral calculation. 

I t' 

4 

£-_—-. 
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$. Integral Formula Calculation, of Cutoff Frequency 

The complex transmission coefficient t(p') is shown in 
Fig« MRl-12300-a as t.he complex voltage across the load resistor when 
the excitation is as shown in the figure. t(p) is seen tö be 

*«pi 
n 

1 + p, + ^(pj (m 
Making E(oo) flat for o •$. a> < Qc  corresponds to> making 

|*(-4^).l flat over the same range.. Gall tEis value t0. The behavior 
for large p is deteönined by. the parasitic 'unit inductance (since z^ is a 
miihimum reactance function) so that 

litn 

p ^^^OD P 

The^fpllpwihg iihe integral taken around the p^plahe path 
of Fig... HSSL^l:23hQ^c encloses no poles and hence is zero, 'in addition, 
the closure along the infinite arc contributes nothing to the integrals 

ft 

,n, 
~P- 

•s'ioR-V 

/ 

4P 

n + i^ FT5"1 

and taking into account the oddness and evenness of the amplitude and 
phase of the ihtegrahd jof Eq. L39) along Jco, one obtains^ 

f°„ log %- - Us M 
n 

xo 

ß 
äxü 

00:    'l^^F* *  6 ) Öä). ,-p- 
"C 

4 < *>2 
»    c 

where 6 is defined bys 

 \ -t — 

tioh: oh a sinusoidal frequency scale if cb/<» 
The, left hand side of Ec 

JüiäLV..— 

becomes, a simple^ integral 
sin $, The right hand side 

r 

•B&MWti&mft 
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can bo tränsf öriiied by letting: sees)! - co/<& V   Eq. -" " - ' - c 
•CO. 

c 
n 
06 

*ö /^<w 
deo 

i      », 

n/2 

becomes: 

n/2 
/    " leg Jt'l df « /     (9+ ~)sec# d V 

The first totepiP; is easily evalulated by No. 513 of pierce's 
Tables.    Its- value is 

n    _, c 2-^log,^ 

The second integral is evaluated -by noting tiiat log Jtj is 
constant in the range of integration*    The R* H* side integral of Eq. 

can be evaluated graphically fröm; a. knowledge of z^( 3co).o 

i 

I. 
a 

log 2n 
=x».-tÄ c o 

o     V'2-' 
~r4~    (6 *^) *eca/dP $m 

co> -2n 
o 

-   n/2^ -n- 

For co near coc^ secJ>>« 1,, and the integrand in Eq. (Ult). is well 
behaved*    As i> approaches, ii/2,  secy-%ecömes infinite so that it if 
necessary- to determine the idiSL-t, of the integrand äs co becomes: infinite* 
At high frequencies ?Xja>) ^ ° so that t Qa>) is determined by the load 
alone« 

+ f-tofi  3* L  2--r-.,~ *:J*$d^$. tljco; - ^ + ^_ 

6 « » tan ~ ca 

A   . Q      i . ... 1     ... 
,2    "            to 

{!« 
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. Thus.,, at high fi?eqitx,enciesä the. integrand In Eq* Ckl>) 
becomes siÄply i/o» >    The integrarid is shown in Fig;. KES-I2-3HÖ"** 

To check the value of ©<, » 2?6 found for r0 * 2S Eq:„ 
is used.    (9 •+ a/2)" is obtained from the empirical calculation pf^fcs,(,0), 
Note £hat fpr the range öf this integral^ r_ (<S>) « o so that 

0 » tan"* (OJ +%-..(a) ) 

A curve like Fig. MH>123ttQ plotted to large scale gave 
.677 äs the value for the integral. Noting-that the ideal transformer 
ratio required is n «7 --jjp--" from (Ua) and i » h:/r0 * 1 /%> 

:-5 
-f. 

2v60 ,CA 

Thus* the integral formula confirms the value »c » 206 
obtained from the\ graphicai calculation. The lexact agreement obtained 
here is probably coincidental.  .-___- 

-It-shöüld be noted that tho integral in Jlq* is 
approximately 1/<*>C* ii/2 which is .6Ö£ in this case, corresponding to the 
unshaded area of Fig* :KIÜ^123UÖ-d. The addition due to the shaded area, 
is only .072« Isstuiiög that this small contribution is äpprpadmately 
invariant when the r* (j») curve is changed^ Eq* CÜS) cart be wiitteJI a§ 

1.   ' , *i! ( 

^ This is a tranßcendentjß- equätipn whose solution from the 
previous calculation is known to be a>c «' 2.6. The significant point here 
is that öJ^cian be calculated even if z^{^  is known only approximately. 

This is: a reasonable result because%-j£$)  for «j» a>c  is  ~ 
hot greatly influenced by the shape of the r^(,co) curve in the pass band. 
In addition^ X^oo) is small compared to the parasitic reactance of the 
load for large ©i 'T^8~^K^'^\^~*~n;/:2^:''f-Q^~W^~iiv^ praetic'aliy^inde^---— 
pandesnt of the exact form o£ z^ (ja>-},. However^1© •*• ti/z)  is a fanctipn of 
co> while the integral is expressed in  terms of co/oij,* This process of 
normalization makes the integrand2 almost inversely proportional to GV . 

l •   ' mmmmmm 
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jSi     „ Performance öf .Serie;s-L Marching, Network 

The I» curve for the last löcus of Pxgs MRI~12137 is 
iköim/^ figi ?ffii-iil38«   It. ia eompareid. with the curve; obtainedby 
making a^(p,'); «,. siJaplo R-G circuit as shown in %he figtt1?e> 

lt. csü %Q seen that the bandwidth of the complicated 
-empirical design is about 1,J> tiiäes the bandwidth öf the, simple &-C 
cifrcuit*.  -""""" -"•-""-"        "     ; ::      *•-.--:-•-.-' 

I 

D,  The Shjmfo-i« Matching Network '- 

There is no a priori reason why sn-L-pad consisting of a shuftt- 
element followed by V series element sh&uld be bettet, than an l^pad wltL 
series and shuitt eleiaehts occurring in. iiie-opposite ^der«. The use ö£ r 

the matching network of Fig. MRI%123ÖÖ-b will therefor be considered 
in this section. For.this networks 

/ -, 

?(«> £&)\: 
W&oitäf 

•A& 

For P(co) •« P ' in the "pass feand» it is necessary to make 

lyssOft! r-2-: &•>! 

y is 1 "." 

for .each « there is a circle centered about thö ^^igia of the adirittfckv:» 

plane whose radius is ...ff S **?.?.-;{ •• (referred "to as art'.': 'Wcircle'!'„)    ji-s 

nfK 

as, *-~-rr.. so if values are piioseh for h -ähC^j 

!'•' r1 
point- oh the y^'jfli)' locus corresporicäag^p_any valu«: of.» must fall oi; 

^the appropriate or-circle.    Soap critical ^circles ere s^hown in MRI-^ 
l:?^Ä*__^'a§^i^"i<?R»- l&ij ,7£   locus can intersect only a certain. pprtjjCß" 
of each circieV " tKat part of the ciTcl'erwhx'qhr l&es "up the-right cf-tfi«- 
point representing, y{$&) in the admittance "planet   In other wordsy    : 

?2 (»)* &(«»)•   Th^.8 restriction is necessary to insure that g.,(co) ?•'%. 

-^ 

-/ ".•>. 

-ffii^^P, 
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•Note t&it ih_the prQröoussectiön a locus had to be designed 
wh^ ch foilowed & .single curve?    a circular, arc for 6 < to < a>c:. and a 
staSMght line for <o> ©c«    the present problem: specified a~cü4l^rent •' 
CuSyeför each, & for 0 < oo^c Jind then specifies nothing at all for 
©>ffic (except that =g2(<»I >• g; t»)  )•    The latter problem might seem to 
be more difficult because~of the .greater complexity in- the specification 
of the- desired locusi .-.._. 

O 

In thje present case, however, the locus specification does not 
introduce undxie difficulties. Actual trial shows 'that the .desired locus 
intersects many of the a>-circles hear the axis abscissas. The: cor-circle 
arcs are normal to this axis .so that the sus.ceptance' may vary to .a con- '<•- 
sidörable extent without requiring an appreciable change in conductance./ 
in order to remain on the proper cs-circle. This mean» that the points y 
at which the a^bircles cross the real axis give a gööjd initial guess 
for L4ö: öoaäägt^e^ faction,   .     " .        1 .  " 

&i additional requirewerit on the_y2.(j<a) locus of this prphlem is 
that r 2  (ooi) <ri to -permit phvj'ieal reälizäbili'ty öf z^.- This means 
that the ygrCS») locus must not .intersect ;ths ''tränsfpi^er-setting'' circle 
of Fig, :^ö;-123Pl-a, This cirr.-.i, ;as described in the preceding section* 
is the ädmittance*Jjiäne map of 112 « ti?. The problem is-hpw to find a 

-:723ti3a)' t^iich satisfied the abc4:s requirements and makes <a^ as large as 
Two alternatives exists 

äfjL i^ a ÄihiMuÄ\3useeptahee function* The J2(S^)  lö-cu-s 
touches the transformer-setting 'circle at .as « <üC and follows it for 
«>e:<La> <oo äsi shown in Fig. MBI-12301%b. 

(2)  y-v is not a minimtm susceptance function? it has some 
shunt capacitance,. This permits the y2( joi) locus to run over 'the top 
qf t:he trahsfbiÄer-setting circle in the, manner of Fig. -1^-12501"e. 
It is tangeht to the circle at some © in the pass band* 

The conductance curves <?or the two alternatives are shown in 
Fig. MRI-12302-ai For alternate; |l) the g^i-ad  curve dips down and 

-.^ViAfS- -*t4'.flad—*&-f\—4>-.V\A—wö.n.*nÄ'—/V-^l .Ji- ~Jt   J,n^_ A~.^L —^.X -;-.__; Ä i.i.    ./-<<iA     ia.-—, Ä-./„-.A- . . ~^ 
1/MOH.  4j.uv4._uy.    Wi»vj.    .c^yi»    «f    «^    ^     Sfi»X.U$»'  XV.T    (SU.VÖ l-Iltt.y.ejI;   \ C7f     -UUB    0,0^°)     CUTVe 

keeps dropping until it reaches the. g(co) curve. The gp(a>) curve can- 
not be controlled beyond this pcint because there is no more conductance 
left :ii* gj (©) to be removed. ;&>„, is that value of CD at which the ggC©! 
curve reaches the ,g: £eo) curve« _. 

C ) K 

nmmmtm. 
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In äi"teEnate (l) npte> that the ywCi»)  i°<?üs funs into the 
the transformer-setting circle at a value of (y^} slightly smaller than 

in Eq;. 

bo •UO^'ir* 

As 

iving 

/ Hy(*v>f 

n- 

as -i^- -  jypUco) is small, Eq. 03J can be. substituted 

ß&) 
From this it cafi be seen that for a given üSC> the largest 

possible n should, be chosen tp make; P0 ä masämum. The upper limit' on 
n can be found by considering the network at <a » 0, .vhere it is entirely 
resistive. In Fig* l^=123PO^c, the largest value of n for a given.P 
is obtained by making gn(°) " ° ÖP that 

1 -- 
< 7 

i . 

\\ 

/ 

a 
1 +: TAOJ 

maximum allowable h 

h 

h2 

1 
n 

1 
.>-' 

fh> 

giving 

j_. 

With this, value of n,  Eq. ('j>2)= requires that 

This alternative, Vas worked out in detail for P.. 1_ 
2 and. the 

locu3 is shown in Fig*. J§£--.12303* The: value of coc obtained is 
1.8, quite ä bit lass than the. CüQ  « 2<>6 obtained for the network of Fig» 
MKC-12300-a. Note that the approximate cpc given by Eq. (S>U) is J^6    - 
wEicrTis im' error 'D^IQS^SSMXI.'^V^ ' '" "  -=-- — 

The best value, of h for alternate (2). is not so obvious, ft 
value of h less than the maximum value allows ä larger range of g^ (ca) 
fariatioh which would be an advantage if the yjjCiJcoj locus did not have 
to be; maneuvered around the. transformer-setting circle-. The diaiiieter of 

^liS^RICT^D 
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tM-s-asrc^e^^iQSr-as ^—r so that the Increase in size of this circle 
is more rapid than the^iric.rease: in ränge of g^ (©)_, As n  is decreased, 
a. larger shünt capacitance Must be used In y^ arid gji&) must, fall off 
faster in order to. intersect the proper circles fpr^each .00. As n is 

decreased from, it maximum permissible value of .•^r^ it. is actually 

found, by trial that CöCbAocmes smaller because ' °' the Ihcrtsase ränge, of 
831(04) is more than offset by the di-fficulty of getting the y2 ipicus 
around the larger transförmer^settih| circle;. Thus, the best value for n 
turns out tobe the .largest permissibie_ value. 

Alternate (2) is worked out for P « r^ and th# y« locus Is 

shown in Fig. MOTJ-123Q3» -The <a^ « 2.k obtained in this: design is better 
thahrthe »c " 1.8. for alternate (I) but -is-riot as gcdd as the coc - 21?6 
obtained for the series L-päd of -Fig* ;ME[-123Öp^a* ~ 

E.  A flfepad Matching Network 

It might occur -to. an invöstigatqr that ?or the simple load 
2 « 1 + p, no advantage is obtained by using more complex matching PjQri-r 
figurations than the series, and shunt structures so far considered* This 
conclusion is encouraged by the difficulty of designing a more complicated 
structure to give a greater oc for the same P0. One. such network, however, 
has been designed arid is reported here t o indicate that more complicated 
networks can give better performance than the best of the "f«pads. 

For the ideal transformer and T-^päds of Fig. ML-J^OO-d* . 

Physical realizability of the elements of the T requires 

r?(co)»r(cp), g^ca^ggC»), r^)$n 

The' z^.:( 3<d)~functiön^iFarbitfar^iljf pidked~asi a" low"pass"TJXter 
function which is similar to the result obtained I"or £-, in the series 
matching case (Fig. ?ffilk23ÖOVä>. ' 

y2 IM) 

W&W>l(^W&. 
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fey»)i 9. <«< & (ÖÖ) 

The reälizability requirements Eq. (£8) require that the. y^(jco) 
locus, .should stay outside of the t;ransförmer=,setting circle and that -every 
point of %(^(ii)  should be directly above or to the right of the 66r;res- 
pondi'ng poxht on- yg(Jos)-. This is easily accomplished by a y^ which con- 
tains a shunt condenser. The y, (job) locus is plotted in Fig. MRI-1230it 

*<•---  -> -  ...... rfr- - -— -U- -..-,.   ~ * - 

-0? V  2 
MEI^123Q2-b. 

and h = The associated g. (co) curve is shown in Fig. 

The #{» » 2.73 obtained here is only slightly better than the 
coc * 2.6 obtained for the b*st of the L-pads^ but the ease- with IrhLeh- this" 
network was designed sre&ins VP indicate that considerable improvement, in 
pefförmänce may be obtained by designing the pptiraum T network and points 
towards the use'of'. evsn ~mc •%general networks* 

IT:.... Gomparijson of _ Varions Matching, Networks    . 

All the empirical designs of sections III B,. G#  and p were 

worked out for P\ * rr^ . It .1 ~~  instructive, to compare the performance of 

the % and f pad networks with the, complementary filter matching networks, 
of Part III-B. Such aicpinpärison will give an indication of how much 
bandwidth„is obtained by eliminating -the. ripples associated with the com» 
piementary filter design-. The Buttervorth Lchäracteristic for large n  
was not found %o be satisfactory so the examples selected from III B. are 
the T-schbycheff filter for large n and the response for ri «• 1. (.For this 
value of n, the B.utjterw.orth arid T-chebycheff functions are identical.) 
The basis for comparison will be the value of coe obtained with each net-- 
work for L, * 1 arid 3^ £ P(co)• %1  for .0 t, -$ *. co^, To do. this, it- is o- c 

a-jX*») * FiC») +%(^) *\fi% - C-f-)    - 3 
cö x 2 CO.    .„ ~^r for o<co<.® 

(&& 

r-^co)' 0 for   co   <t co< CD 
c -?    " 

y^    is known arid is plotted in Fig. "MffiE^ 
1 = 2W£f2s   .For P.(cö); *? ?0 in the f ass bands. 

for ,c«<f'•« VT" * 
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merely necessary to set 6=1 so that  , 2 
1 * e 

-^  „: The value of Ii 

obtained for the large A Tschebycheff filter is the value; of cowhich 
would hairs been obtained, if wc had hot boon- set equal to 1 änd L were 
fixed at I> The results are tabulated below? ° 

Compärisoft & Matciiihg, 
Section. Performance ^ 

Section, Type Max.- "'] 
P«; o <; co < c6   ;J 

_        •=      C   : 

CO . :   c \ 

A»    n » 1 
(Butt?;rworth or • 

fschebycheff 
' i   . 1/2 v -1     ': 

t 

A. Tschebycheff 
i. \       I/?'.    '• : 1«7Ö| 

\ B*       ~Ls»päd~   . 1/2   j —^      ' •-IS • 

-. 6.        L-pädr 
Alternate 1 ; m . \:     ~U*    _: HL.«:- 

C*        L-päd' 
Alternate 2 1/2 ,  1/2  ; 2-.-U ; 

.... _ _._   ,— ..... .-   — — . 
; iD.       T-pad- ; i/2 1/2 ; 2.7.3; 

:Bi$W«^*i:^ 
i '-. 
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